bution of particles to which stormwater pollutants are attached is likewise important to the performance of Particulate matter in urban rivers transports a significant fraction stormwater best management practices (BMPs), because of pollutants, changes rapidly during storm events, and is difficult to characterize. In this study, the physical speciation of trace metals the effectiveness of BMPs is expected to increase signifiand organic C in an urban river and upstream headwaters site in cantly with particle size (Liebens, 2001; Newberry and Torrington, CT, were measured during a winter rain-on-snow event. Yonge, 1996). Sand particles are effectively removed
those of sand and colloids are attenuated to varying peak runoff at the urban river site, total-recoverable concentrations degrees by stormwater BMPs (such as wet detention of the metals Cu and Pb increased 6-and 13-fold to 16.9 and 9.5 g basins), but research on this topic is limited (Davies, 1995;  L Ϫ1 , respectively, compared with baseflow concentrations. Concentra- Urbonas, 2001 ). While the composition of urban stormtions of Cu and Pb reached only 0.9 and 0.86 g L Ϫ1 at the headwaters site. For the measured storm event, the majority of metals were water is likely to vary significantly with local land use, transported by the urban river in association with coarse silt seasonal changes in terrestrial inputs, and geographical m particle diam.) during peak runoff. During peak runoff at the location, it is critical for researchers to establish a frameurban site, organic C associated with the large colloid fraction (0.1-1.0 work through which the analysis of stormwater particum) increased from 5% (at baseflow) to 54% of the total C in translate matter can be accomplished.
port, whereas dissolved organic C and that associated with smaller
Existing research employs conflicting categories for colloids decreased from 91.5% (at baseflow) to 41% of the total.
particle-size classes and typically presents an incomplete
Other elements that were monitored as part of the study were Na, evaluation of the entire particle-size spectrum, which K, Ca, Mg, Fe, Mn, Al, Cd, Cl Ϫ , NO 3 Ϫ , and SO 2Ϫ 4 . The chosen fractionranges from sand to organic colloids (Douglas et al., ation scheme was useful to characterize pollutant transport during 1999) . Many studies continue to separate dissolved and this event, but further testing should be undertaken to determine the most appropriate size range categories, and to ensure that the sizes particulate fractions using a 0.45-m membrane filter, measured are comparable to those used in other studies.
a practice that is questionable in light of the artifacts associated with the technique (Horowitz et al., 1996; Morrison and Benoit, 2001, 2004) and the fact that freshwater colloids have an upper size limit of at least 1.0 m T he characterization of stormwater particulate matdiameter (Gustafsson and Gschwend, 1997) . Most studter is critical to understanding both toxicity and transies focus on either suspended sediment or colloids, typiport pathways for trace metals and other pollutants.
cally lacking detail on one or the other and neglecting During storm events in urban watersheds, a complex the interface between sediment and colloidal particles mixture of suspended sediment and particulate organic (Characklis and Wiesner, 1997; Grout et al., 1999;  Tanimatter enters the water column of rivers and streams zaki et al., 1992) . Aquatic particulate matter is isolated through runoff pathways, overbank flows, streambank and characterized using many techniques, including memerosion, and channel sediment resuspension. One of the brane filtration, sieving, centrifugation, and tangentialmajor transport pathways for pollutants in freshwater flow ultrafiltration (Buffle and Leppard, 1995;  Buffle et is through adsorption or complexation to the organic al., 1992; Lead et al., 1997) . The over-arching need in the and reactive mineral surfaces of suspended sediment separation of aquatic particles is to use existing methods and colloids (Grout et al., 1999; Ross and Sherrell, 1999;  in a way that isolates meaningful particle classes based Sigg et al., 2000; Sinclair et al., 1989) . Physical and chemon particle characteristics, rather than to simply use ical speciation of pollutants is important to the toxicity conventional methods or to allow the limitations of a of stormwater, because complexation by organic matter given technique to dictate the size range of isolated decreases the toxicity of most metals (Novotny and particle-size classes (e.g., the lower size limit of particles Witte, 1997; Pitt, 1995) . Characterization of the size distriisolated by centrifugation). This paper presents the results of intensive storm-pler for laboratory analysis typically every 10 to 15 h, but at (i) to present changes in the concentrations and physical least once every 24 h. speciation (i.e., particle-size class) of trace metals and OC in an urban river and upstream headwaters site Determination of Sampling Frequency during a winter rain-on-snow event; and (ii) to evaluate a method for collecting detailed, meaningful data on Water-quality dataloggers were deployed at each sampling site before collection to establish the appropriate sample-colparticle sizes for trace metals (Fe, Al, Mn, Cu, Pb, Cd) lection frequency. During the first hour following the onset and OC. Evaluation of the fractionation method was of runoff at the Torrington location, turbidity increased by based on two criteria: (i) Do the fractions contain signifinearly 300 NTU and conductivity increased by 220 S cm
Ϫ1
. cant concentrations of metals and OC? (ii) Do the fracThe sampling theorem states that the sampling frequency must tions provide useful information concerning physical be at least twice that of the highest signal frequency containspeciation by responding independently during storm ing chemical information to ensure accurate data acquisition runoff? (Strobel and Heineman, 1989) . While the context of that remark concerns instrumental analytical techniques, the applica-
MATERIALS AND METHODS
tion of the sampling theorem to environmental sampling is appropriate. Environmental signals, such as diurnal tempera-
Sampling Locations
ture change and sediment-runoff pulses, occur at often repeatable frequencies, and environmental sampling must occur at Two sampling sites on the Naugatuck River, one above and a frequency that is high enough to accurately represent the one just below the city of Torrington, CT (population ෂ34 500; effects of those events on water quality. The period of the Litchfield County) were sampled during a rain-on-snow event conductivity peak (baseline to baseline) was 2.5 h, which rein March of 2001. The upper site, located on the East Branch sults in a minimum sampling interval of 1.25 h. The turbidity Naugatuck River (41Њ50Ј3.8″ N lat; 73Њ07Ј14.8″ W long), resignal contains isolated peaks of higher frequency, but the ceives drainage from 24.0 km 2 (first-order stream) (Nosal, sampling interval necessary to characterize these isolated sig-1997) of largely undeveloped land. The lower site, on the nals, which are based on a single turbidity measurement and Naugatuck River (41Њ46Ј38.1″ N lat; 73Њ07Ј7.4″ W long), remay be spurious, is impractical. For the research presented ceives drainage from 147 km 2 (second-order stream) including in this paper, automated samplers were set to collect 250-mL the city of Torrington (downtown is located 1.9 km upstream subsamples of water every 15 min; four subsamples were comof the sampling location), its associated industries, and the bined into hourly 1.0-L composite samples within the autosamtown's wastewater treatment plant (located approximately pler. While the use of hourly composite samples may slightly 0.75 km upstream of the sampling location). Precipitation data distort the response hydrograph for trace metals, the inclusion obtained from the National Climatic Data Center (NCDC) of higher-frequency subsamples within hourly composite samfor the Danbury, CT, and Hartford, CT, weather stations ples is less likely to miss high-frequency chemical information. (unedited, hourly observations) were used to estimate rainfall
The identical timing and sample-collection frequency that at the Torrington sampling locations. The Naugatuck River was used for the Torrington location was also used for the is of interest because it has historically high levels of metal East Branch headwaters sampling location. Conductivity and pollution from industrial sources, and because there is a signifiturbidity data shown in Fig. 1b , however, demonstrate that cant effort underway to restore fish habitat within the river a lower-frequency sampling regime would have adequately corridor and to improve access to headwaters stream reaches.
characterized stream chemistry for this site. For the East Branch, the 100 S cm Ϫ1 change in conductivity from baseflow
Field Methods
to stormflow peak occurred over 6 h (i.e., 12-h period), which, In situ sampling of pH, conductivity, temperature, depth, using the same criteria as above, could have been adequately and turbidity was performed by automated water-quality datacharacterized using a 6-h sample collection interval. loggers (YSI 6920; YSI, Yellow Springs, OH), which were deployed at each sampling location. Dataloggers were set to Filtration Methods record all of the above parameters at 15-min intervals and Laboratory filtration and analyses were performed as dewere tested and re-calibrated as necessary on a weekly basis.
scribed previously (Benoit, 1994; Morrison and Benoit, 2001 ), Automated water samplers (Compact Sampler; ISCO, Linand will not be repeated here, except for variations in detail. coln, NE) were used to collect fixed-interval stormwater samObserved changes in flow rate during filtration were used to ples at each of the field sites. Plastic tubing-Teflon, 9.5 mm indicate membrane clogging, and membrane filtrations were (0.375 inch)-was used for sampling water from the river, ended before, or immediately following, a noticeable decrease silicone pump tubing was used within the peristaltic pump, in filtrate flow rate. All samples were filtered using a 47-mm and 1.0-L bottles (ISCO; polypropylene) were used to collect membrane with a 0.45-m cutoff (Durapore; Millipore, Billersamples. Inlet tubing, pump tubing, and sample bottles were ica, MA) to provide a conventionally defined dissolved phase cleaned in accordance with clean techniques as described beconcentration that is comparable to the work of other relow. Inlet tubing was rinsed with sample (two times, autosearchers. In addition, a selected number of samples were mated) before the collection of each individual sample. The filtered to remove particles in six size categories, using the automated sampler was set to collect hourly composite samspecified membrane and filtration method as outlined in Ta guez, CA) and a 3000-MWCO (molecular-weight cutoff) holSamples were collected from a fixed location during the entire low-fiber cartridge (Amicon; Millipore, Billerica, MA) (Morsequence, and therefore may not be representative of the rison and Benoit, 2004) . Effective final concentration factors entire stream cross-section. During sampling, ice was placed for the tangential-flow ultrafiltrations were between 2.5 and inside the autosampler to preserve sample integrity before processing; samples were removed from the automated sam-4, which may lead to an overestimate of the colloidal fraction lon beakers on a hotplate to estimate total-recoverable metals in water and suspended particulate matter. Graphite-furnace atomic absorption spectrophotometry (HGA 600; PerkinElmer, Boston, MA), following evaporative preconcentration (20 times, in PFA beakers) was used for Cu, Pb, and Cd analyses (method detection limits of 36, 24, and 6 ng L Ϫ1 , respectively). When suspended sediment concentrations were high, particularly during peak storm events, these techniques did not completely digest particulate matter, so that reported "total concentrations" are likely to be less than the actual values. Total OC analyses were performed via high-temperature catalytic oxidation (TOC 5000-C; Shimadzu, Columbia, MD) with a quantitation limit of 0.45 mg L Ϫ1 , and anion analyses (Cl, NO 3 , SO 4 ) via ion chromatography (Dionex, Sunnyvale, CA).
RESULTS AND DISCUSSION Hydrology and Water Quality Parameters
Water quality dataloggers provide important information on changes in background chemistry and physical conditions (e.g., turbidity, pH, conductivity, depth, and temperature) during storm events ( Fig. 1) . Figure  1a shows changes in water-quality parameters and depth for the Naugatuck River below Torrington, CT, while Fig. 1b shows changes in water-quality parameters and depth for the East Branch location, which is a headwaters tributary of the Naugatuck River above Torrington. Values for pH were omitted from Fig. 1 for clarity, and storm was 6.4 mm, and the cumulative total for the first (Guo et al., 2000) . All filtrations were performed using the part of the storm (13 Mar. 2001) was 17.1 mm. The rapid whole water sample, except for the 1.0-m polycarbonate response of streamflow depth and water quality paramemembrane and 0.1-m and 3000-MWCO tangential-flow ultraters to rainfall at the Torrington location (Fig. 1a) is filtrations, which were pre-filtered through a 20-m nylon typical of urban runoff (change in depth to the first membrane filter. Percent composition calculations, as for the storm peak ϭ 0.2 m). The presence of road salt in runoff size distribution data, were performed by difference, using the is the obvious cause of increased conductivity, and the unfiltered water sample concentration as the total and then using occurrence of rain on snow (with preservation of the mathe successive filtrate concentrations to determine the concenjority of the snowpack throughout the storm event) comtration in each particle size category.
bined with diurnal cycling causes the observed changes in stream temperature. Data are missing from the East Laboratory Analyses
Branch site (Fig. 1b) due to an instrument malfunction.
Major metal analyses were performed via inductively cou-
The peak in conductivity at the East Branch location is pled plasma atomic emission spectrometry (Optima 3000; Perkinalso indicative of the presence of road salt, but the Elmer, Boston, MA), which provides a method detection limit delayed response of depth (change in depth to peak ϭ of 5 to 15 g L Ϫ1 for Al, Fe, and Mn, and 0.5 to 1.0 mg L Ϫ1 0.09 m) and conductivity to rainfall suggests that event pre- tion (Fig. 2a) was diluted modestly during the initial phase of runoff only at the Torrington location. assertion is supported by the lack of a significant change in turbidity for the East Branch. over the course of the March 2001 storm event for the Naugatuck River below Torrington. Hourly composite during the storm event for the Torrington location on the Naugatuck River and the East Branch headwaters data (Fig. 4) show a dramatic increase in total recoverable metal concentrations during stormwater runoff, location, respectively. Each graph contains a trace of conductivity for direct comparison. Data in these charts which closely follow changes in water depth (shown) and turbidity (compare with Fig. 1a ). Total Pb, Cu, and is taken from the 0.45-m filtrate fraction, and all of these constituents are expected to be truly-dissolved Cd (Fig. 4b ) exhibit dramatic increases in concentration over the course of the storm, which indicates their presions or soluble complexes. As expected for a winter storm in the Northeast USA where road salt is applied, ence as adsorbed constituents on suspended particles (Harrison and Wilson, 1985; Hewitt and Rashed, 1992 ; Na ϩ and Cl Ϫ concentrations increased dramatically during storm runoff at the Torrington location (Fig. 2) , Wang et al., 1997) . Total Pb increased 12.9 times from a baseflow concentration of 0.74 to 9.53 g L Ϫ1 during tracking changes in overall conductivity. The K ϩ , Mg 2ϩ , and Ca 2ϩ concentrations (Fig. 2b ) at Torrington were peak stormflow. Total Cu increased 5.9 times from a baseflow concentration of 2.9 to 16.9 g L Ϫ1 during peak all diluted significantly during the initial phase of runoff by the input of fresh water, but increased to pre-event stormflow, and total Cd increased 3.4 times from a baseflow concentration of 0.14 to 0.48 g L Ϫ1 during peak concentrations by the end of the sampling period. In contrast, the East Branch location (Fig. 3 ) data showed stormflow. Total recoverable metal concentrations at the East no dilution of base cations during the storm event. As at the Torrington site, Na ϩ and Cl Ϫ concentration inBranch location (Fig. 5 ) also increased in response to discharge, as shown in relation to water depth. The creases were responsible for changes in overall conductivity at East Branch, but it is clear that the increase in magnitude of change in concentration for trace metals was much smaller (ca. 10 times, as reflected in the y conductivity was not due to direct, high-volume runoff. The NO Ϫ 3 concentration was largely unchanged during axis scales) than the increase in total recoverable metals concentration for the Naugatuck River urban location. the storm event at either location, while SO 2Ϫ 4 concentra- with changes in Mn, except that the overall trend in their concentration during the storm event is downward. The maximum concentrations for Pb, Cu, and Cd at the The complexity of these signals (i.e., changes in Ͻ0.45-m East Branch location were 0.86, 0.94, and 0.1 g L Ϫ1 , metal concentration) cannot adequately be explained by respectively. Total Fe, Al, and Mn concentrations (Fig. 5a ) the limited amount of data collected for this study. Al did not increase substantially. The increase in total reconcentration in the Ͻ0.45-m fraction was close to the coverable metals for the East Branch site may have detection limit under most conditions, including stormbeen due solely to the resuspension of bed sediments flow, and is not depicted in Fig. 6a . in response to increased discharge.
Total Recoverable Metals Soluble Base Cations and Anions
The observed change in the concentration of Ͻ0.45-m fraction trace metals at the East Branch location was minimal, and is thus not presented in graphical form.
Metals in the 0.45-m Filtrate
Iron concentration did decrease slightly and Mn concen- Figure 6 shows changes in depth and 0.45-m filtrate tration increased slightly in response to increased flow metal concentrations with time over the course of the at the East Branch location (baseflow concentrations storm event for the Naugatuck River below Torrington.
were 61 Ϯ 6 and 22 Ϯ 2 g L Ϫ1 for Fe and Mn, respecTrace metals in the Ͻ0.45-m fraction are often defined tively). Changes in Pb, Cu, and Cd were likewise miniconventionally as the dissolved phase, but some metals mal (baseflow concentrations of 0.019 Ϯ 0.007, 0.26 Ϯ may be associated with colloidal particles in this fraction 0.03, and 0.005 Ϯ 0.003 g L Ϫ1 for Pb, Cu, and Cd, re- (Horowitz et al., 1996; Morrison and Benoit, 2004) . Iron spectively). and Mn (Fig. 6a ) exhibit significant differences when compared with the event chronology for total metals Particle-Size Associations for Metals (Fig. 4a) , which closely mirrors changes in depth. Iron in the 0.45-m filtrate decreased in response to stormflow Figure 7 (a, b, and c) depicts changes in the percent of total recoverable concentration for selected particlerunoff peaks, but increased rapidly to pre-event concentrations thereafter. Manganese decreased slightly in resize classes for Fe, Mn, and Al (respectively) for the Naugatuck River below Torrington. An overlay of total sponse to the initial phase of runoff, but otherwise shows small peaks that appear to correspond roughly with recoverable metal concentration in each case shows the storm event samples that were chosen for size-distribuincreases in conductivity (not shown). Copper, Cd, and Pb concentrations for the Naugatuck River (Fig. 6b) tion analysis (highlighted by square boxes). The first sample in each time series represents pre-event baseflow generally tracked each other and appear to coincide conditions. Figure 7 shows what appears to be a large influx of sand (Ͼ80 m) and coarse silt (20-80 m) the large influx of 20-to 80-m size particles; sand particles (Ͼ80 m), which account for nearly half of increase in the sand fraction during peak runoff and an the baseflow concentration of sediment-associated Fe, increase in the fine silt fraction (1-20 m) during the increased during storm runoff, but were Ͻ5% of the latter part of the storm event. total during peak runoff. Fine silt and clay-associated Figure 8 (a, b, and c) shows the size distributions for Fe (1.0-20 m) was not detected under baseflow condiparticles associated with Fe, Mn, and Al at the East tions, but was a measurable fraction of Fe concentration Branch location, which are very similar to the baseflow in stormflow samples (post peak).
distributions for these metals at the Torrington location. Figure 7b shows changes in the size distribution of
The distribution data support the notion that 1.0-to 80-m Mn-associated particles over the course of the storm particles (and the metals they carry) in the river below event for the Naugatuck River below Torrington. In Torrington were contributed by urban runoff. In consharp contrast to the size-class associations of Fe, basetrast to the Torrington location, the overall character flow Mn concentration consisted almost exclusively of of the size distributions for trace metals in the East the Ͻ0.45-m fraction. Manganese associated with sand Branch changed little with discharge. The 20-to 80-m particles accounted for a significant fraction of the total fraction was significant for Fe and Al, but did not domiparticulate load (15%) only during the initial stages of nate the size distribution at any time during the storm runoff, but at that time, Mn distribution was dominated event. Manganese, in contrast, was present almost enby 20-to 80-m particles. In contrast to Fe and Mn, the tirely associated with the sand fraction and the Ͻ0.45-m size distributions for Al (Fig. 7c) show that Al in the filtrate fraction. initial phase of runoff was split evenly between sand Figure 9 (a, b, and c) depicts changes in the size (Ͼ80 m) and silt (20-80 m) particles. The size associadistribution of particles associated with Pb, Cu, and Cd tions for Al with suspended sediments did not change (respectively) for the Naugatuck River below Torrington. Because these solid-phase metals are expected to substantially during the runoff event, except for a small be present as adsorbed contaminants on the reactive surfaces of suspended sediments (Wang et al., 1997; Warren and Zimmermann, 1994a) , the size distributions and dissolved phase, but that these fractions are relatively minor. Figure 9b shows the importance of the of particles associated with Pb, Cu, and Cd will be compared to the size distributions of particles associated colloidal and dissolved phases to the physical speciation of Cu, which changes little during the storm event. This with Fe, Mn, and Al discussed in the previous paragraphs. The size distributions in Fig. 9 exhibit the same, result is supported by the fact that Cu speciation in freshwater systems is typically controlled by complexation to not unexpected, dramatic concentration increase in the 20-to 80-m size fraction in the initial phase of runoff colloidal and dissolved organic matter (Donat et al., 1994; Ross and Sherrell, 1999; Rozan and Benoit, 1999 ; Sigg as Fe, Mn, and Al (compare with Fig. 7) . The difference in the distributions of Pb and Cu is that they were et al., 2000), which would be found in the Ͻ0.45-m fraction. Figure 9c shows an increase in the larger colloid present in measurable amounts in the clay and fine silt fraction (8.3 and 14% of the total concentrations, fraction (0.45-1.0 m) for Cd during the initial phase of runoff. The concentration of colloidal Cd in the larger respectively). Both Pb and Cu are particle reactive, and thus, the larger surface area of particles in the smaller fraction is significant for all samples, which is in contrast to the conventional notion that freshwater Cd is largely silt fraction should explain the relative enrichment of Pb and Cu in the 1-to 20-m size range. In contrast, present in the smaller colloidal and dissolved phases (Ͻ0.1 m), although research does show that Cd comCd was not found in the 1-to 20-m fraction, and only 51% of the total was present in the 20-to 80-m coarse plexation to OC is significant in many freshwaters (Pham and Garnier, 1998; Xue et al., 2000) . silt fraction. This difference may be due to the weaker adsorption of Cd to suspended sediments (Erel et al.,
Particle-size distributions for Pb, Cu, and Cd at the East Branch location did not change substantially during 1991; Wang et al., 1997; Warren and Zimmermann, 1994b) . Figure 9a also shows that Pb is present in the colloidal the sampled storm event, and were very similar to the thereafter. The source of dissolved OC, and the reason that OC concentrations are initially as high as 8.0 mg L
Ϫ1
, is the Torrington wastewater treatment plant located Ͻ1 km upstream from the sampling site. Wastewater treatment plants typically contribute colloidal and dissolved OC to waterbodies (Markich and Brown, 1998; Sigg et al., 2000) , so it is to be expected that the additional points in Fig. 10b for the 0.1-m TFU filtrate showed a significant dilution of colloidal and dissolved OC during peak runoff. Particle-size distributions (Fig.  10a) confirm that baseflow OC was almost entirely dissolved and colloidal and that these fractions were diluted at peak runoff. Figure 10a also shows that stormwater runoff was a significant source of large colloidal OC at this time and location. Colloidal OC could be present in runoff as oil and grease, and as an adsorbed constituent on particles, or it could be that OC present in the water column aggregated or adsorbed rapidly to larger colloidal particles in surface runoff. Organic C concentration at the East Branch location changed little during the storm event, and is thus not shown graphically. Only 2% of the OC at the East Branch location was associated with particles Ͼ1.0 m, 9.5% was present as large colloids (0.1-1.0 m), 54.5% was present as colloids between 3000 MWCO and 0.1 m, and 34% was dissolved (Ͻ3000 MWCO). The results for the size distribution of OC, in both the headwaters and urban location, are typical of Connecticut streams (Rozan and Benoit, 1999) . colloids and dissolved species for OC, Fe, Mn, Pb, Cu, and Cd in the first two fractionated samples for the baseflow size distribution for each element at the urban Naugatuck River below Torrington. Figure 11a shows Torrington location. The results are not shown graphipre-event baseflow conditions (12 Mar. 2001 , 1300 h), cally, in part due to the error associated with deriving and Fig. 11b shows the peak runoff sample (13 Mar. the individual fraction concentrations by difference for 2001, 0700 h). Each element is normalized to the total very small total element concentrations. Lead was preconcentration in the 1.0-m filtrate; the concentration dominantly found in the 20 to 80-m fraction, but it of the 0.45-m filtrate is not considered here because was also consistently present in the sand-sized fraction it falls in the middle of the 0.1-to 1.0-m size range. (Ͼ80 m). Copper was mostly present in the dissolved Aluminum is not included in Fig. 11 because 100% of phase, and Cd was mostly in the larger colloid fraction the Ͻ1.0-m Al concentration in both samples was asso-(0.45-1.0 m) and the dissolved fraction.
ciated with large colloids (0.1-1.0 m). The larger colloidal size fraction (0.1-1.0 m) in natu-
Organic Carbon
ral waters is thought to be composed of fine clay-layer silicates (Al is a surrogate for clays) and Fe (oxyhydr)ox- Figure 10 shows changes in OC over the course of ides. This assertion is supported by the colloidal size the storm event for the Naugatuck River location. The distribution of particles associated with Al noted above total OC graphs contain size-distribution data that are and by the distribution of Fe (67% large colloidal) not present on the trace metal charts. The four samples shown in Fig. 11a . At baseflow, significant fractions of chosen for intensive size-distribution analysis, as disFe and Mn were present in the smaller colloidal fraction cussed above for metals, were further fractionated via (3000 MWCO to 0.1 m), which may be due to the tangential-flow ultrafiltration to 0.1 m and 3000 MWCO association of these metals with OC from natural sources (note: the fourth sample in Fig. 10a was only filtered and from the wastewater treatment plant effluent (Boyle to 0.1 m). These size cutoffs provide a clearer distincet al., 1977; Perret et al., 1994; Pham and Garnier, 1998) . tion between large colloids (0.1-1.0 m), colloids (3000 Dissolved Mn may also be associated with dissolved OC MWCO to 0.1 m), and dissolved species (Ͻ3000 MWCO).
( Roitz et al., 2002; Ross and Sherrell, 1999 ; Sholkovitz Total and dissolved OC concentrations (Fig. 10b) and Copland, 1981) . The majority of the colloidal Pb were both diluted during the initial phase of runoff, but they returned to pre-event concentrations rapidly (53%) and Cu (46%) concentration was found in the (Cd, Cu, and Zn). Even with this dramatic shift, the smaller colloidal and dissolved phase concentrations remain significant for OC, Mn, Pb, Cu, and Cd, and the posited association between these elements and OC is strengthened.
Evaluation of the Particle-Size Fractionation Scheme
This research tested an analytical framework for assessing hydrologic response and characterizing changes in trace metal and OC particle-size associations during a storm event. The fractionation method for stormwater particulate matter did meet the basic criteria set for the study. The individual fractions each contained measurable concentrations of trace metals and OC, and the fractions did appear to respond differently during storm runoff. However, the fractionation method, while providing valuable information, should not be standardized as used in this research because it is subject to significant limitations. The most apparent, and difficult, of these is the length of time it takes to complete a single tangential-flow ultrafiltration, coupled with the time-sensitivity of natural water samples containing particles. To further complicate this part of the critique, the colloidal size range covers three orders of magnitude, from 1 nm (ca. 1000 MWCO) to 1.0 m, and, it could be argued, the colloidal size range should be divided into more than two fractions. The lower limit for colloids used in this study might be more appropriately set at 500 or 1000 MWCO, so that organic macromolecules are more fully excluded from the dissolved phase. The rough size cate- the lower sand cutoff, and a 2 to 5-m membrane for larger colloidal size range at baseflow, with significant the lower silt cutoff, because these values more closely concentration of each metal in the smaller colloidal and match the Wentworth scale used by the U.S. Geological dissolved fractions. This result is expected, because Pb Survey for suspended and bedded sediment. Instrumenand Cu are both particle-reactive, and in addition, Cu tal particle-size distribution (e.g., laser-diffraction based and Pb bind strongly to OC, which is typically present on instruments) should be used in conjunction with separathe surface of clay particles and as smaller colloidal aggretion techniques, but cannot replace isolation and characgates and macromolecules. Cadmium is more strongly terization of particle-size fractions. Researchers should associated with OC than with metal oxides (Erel et continue work to standardize particle-size classes and al., 1991; Laxen and Harrison, 1981; Ross and Sherrell, separation techniques and to improve inter-comparabil-1999) and was preferentially found in the smaller colloiity of studies of aquatic particulate matter. dal and dissolved fractions at baseflow, as shown in Fig. 11a .
CONCLUSIONS
The colloidal size distribution for the stormflow sam-
The paired headwaters and urban site data show the ple (Fig. 11b ) exhibits relative dilution of the smaller magnitude of trace metal concentrations contributed to colloidal (3000 MWCO to 0.1 m) and dissolved fracthe Naugatuck River by urban runoff at Torrington, tions for all elements and an increase in the larger colloid CT, in comparison to natural background levels. Defraction (0.1-1.0 m). This shift is likely due to inputs tailed size-distribution data for suspended sediments from runoff sources, but it may be enhanced by the show that urban runoff, in this case, preferentially conadsorption and/or aggregation of smaller colloidal and tributed silts and clays (including large colloids) to surdissolved OC (and associated metals) to form larger colloiface waters, and that metals were predominantly transdal particles. Aggregation processes may increase during ported by large silts (20-80 m) during the monitored peak runoff as a result of increasing ionic strength from storm event. Colloid fractionation provided a more comroad salt, although Warren and Zimmermann (1994b) plete picture by demonstrating that the dissolved and suggest that increasing NaCl concentration may also lead to higher dissolved-phase concentrations for metals small colloid fractions were diluted (or reduced due to 
